Abstract -We explored the spatial and temporal variability of benthic macroinvertebrate communities (density, taxon richness, evenness and taxonomic composition) in a tropical Panamanian stream that is potentially affected by organic and chemical pollution resulting from human activities. As predicted, pristine headwaters of Site 1, located within the Altos de Campana National Park, showed the lowest macroinvertebrate densities, suggesting an increase in pollution-tolerant taxa at downstream sites located near human settlements and agricultural land. Moreover, Site 1 had higher accumulated taxon richness than downstream sites (except Site 5), although evenness was higher at Site 3. Density and taxon richness were higher and more variable in the dry season, while evenness was only higher in the dry season at Site 1. Multivariate analysis showed that the fauna responded to a natural longitudinal gradient, but there was also a strong water quality signal associated with human settlements. Community composition was related to abiotic variables commonly associated to pollution, such as alkalinity, dissolved solids, phosphates, and total organic carbon.
Introduction
Fresh waters may well be the most endangered ecosystems in the world, but still information on freshwater biodiversity is incomplete in many areas (Boyero et al., 2009) , especially at tropical latitudes that support most of the world's species (Dudgeon, 2006) . This knowledge gap inevitably means that management policies and conservation strategies applied to tropical streams have been derived from research in the temperate zone and that we still have much to learn about the functioning of tropical streams to be able to optimize their conservation (Moulton and Wantzen, 2006) . Two of the five major threats to freshwater biodiversity are water pollution and habitat degradation (Dudgeon, 2006) . Organic pollution caused by domestic sewage results in water eutrophication, while deforestation along the edges of watercourses often results in increases in temperature and sedimentation (Couceiro et al., 2007) . Although sediment deposition is a natural process in streams, human land uses cause increased sedimentation, which can have detrimental effects on benthic stream communities. Sediments can bury macroinvertebrates and their habitats and cause the loss of species requiring coarse substrata for attachment or feeding, while they can promote an increase in abundance of burrowing animals . While organic pollution is increasingly under control in developed countries, it remains a major problem in most tropical areas, where streams receive direct inputs of municipal sewage, and water treatment is scarce or absent (Thorne and Williams, 1997; Moulton and Wantzen, 2006; Wantzen et al., 2006) . Similarly, rapid development in tropical countries in recent decades has led to large-scale land degradation and erosion . Biodiversity has two major components: the number of taxa (richness) and the distribution of taxon abundances within the community (evenness). In streams, an increase in water pollution and/or sedimentation often causes a decrease in both macroinvertebrate richness and evenness (Margalef, 1983 ). An increase in macroinvertebrate abundance is usually related to the proliferation of certain tolerant taxa such as Chironomidae or Oligochaeta . Changes in taxonomic composition are also a common indicator of community responses to changes in water and habitat quality (Rosenberg and Resh, 1993; Alba-Tercedor, 1996; Posada et al., 2000) .
We explored variation in density, richness, evenness and taxonomic composition of macroinvertebrate communities along a tropical stream whose headwaters are pristine and located within a national park, subsequently flowing through various human settlements and subject to organic pollution and sedimentation. We predicted that pristine headwater communities would have higher taxonomic richness and evenness than downstream sites, but the latter would have higher densities due to the proliferation of pollution-tolerant taxa. We also explored seasonal variation of communities and predicted that the lower frequency and intensity of spates in the dry season would allow the development of larger communities (higher densities, and higher richness due to a sampling effect) but also promote species dominance (lower evenness). These predictions have been little explored in the tropics despite tropical streams being subject to alarming levels of human alteration (Pringle et al., 2000) .
Study area
The study was conducted at the Capira stream, which arises at 800 m asl at the Cerro Campana, within the Altos de Campana National Park (ACNP), Panama, and flows into the Pacific Ocean (Fig. 1) . The climate is tropical humid, characterized by a warm mean annual temperature (24 xC), abundant precipitation (>2500 mm), and mean relative humidity of 80%.
Six sampling sites were selected to represent the different conditions found along the stream. Site 1 was located at 743 m asl, within the limits of the ACNP, and thus represented pristine conditions. Sites 2-6 were located at altitudes ranging from 107 to 171 m asl and were potentially affected by agriculture, cattle farming, human settlements and roads (Table 1) . Stream habitat was mainly composed of a series of riffles and pools, and substrate was largely composed of gravel, sand and cobble, with abundant leaf litter (mostly in the dry season). Canopy cover ranged from 90 to 95% at Site 1 and 50 to 85% at Sites 2-6 (Table 1) .
Material and methods

Field and laboratory work
At each site we collected 10 haphazard benthic samples at each of 8 sampling times, 4 in the dry season (January-April) and 4 in the wet season (May-August) (total number of samples =480) in 2007. Samples were taken using a D-frame net (50 cm width, 250 mm mesh size) and a 50 r 50 cm PVC frame. We placed the net immediately downstream of the frame and without any time limit disturbed the substrate within the frame by hand, so invertebrates were dislodged and carried by the current into the net. The net contents were transferred to a jar and preserved in 70% ethanol. In the laboratory, samples were sorted and macroinvertebrates identified to the lowest taxonomic level possible (mostly genus) using the available literature (Rolda´n, 1988; Merrit and Cummins, 1996; Springer et al., 2010, unpublished taxonomic keys) .
At each sampling point we measured current velocity (cm.s x1 ; averaged from three measurements using a floating cork) and water depth (cm) and recorded the dominant substrate. At each site we estimated qualitatively the % of canopy cover (visually from the middle of the stream), and measured the stream wetted width (m; averaged from three transects at each site) and multiple physico-chemical variables. In situ we measured water temperature, pH and conductivity using a multiparameter Horiba U10. Then we collected water samples and kept them in ice to be transported to the laboratory where we determined biological oxygen demand (BOD), alkalinity, turbidity, hardness, phosphates, nitrates, chlorides, suspended solids (SS), total dissolved solids (TDS) and total organic carbon (TOC), following the Standard Methods for the Examination of Water and Wastewater (Eaton et al., 1995) . All abiotic variables are summarized in Table 2 . Average monthly rainfall and temperature data were collected from the closest weather station in Anto´n (Empresa de Transmisio´n Ele´ctrica, 2008) ; rainfall increased at the end of the dry season (April) and in the wet season (Table 3) .
Data analysis
We determined the main abiotic characteristics of sites, and any environmental gradients, using principal components analysis (PCA), with the correlation coefficient as the dissimilarity measure, in the PC-ORD package (McCune and Mefford, 2006) . Variation of the PCA axes explaining most of the variance was explored among sampling sites (1-6) and between seasons (dry/wet), with a two-way analysis of variance (ANOVA) (level of significance a = 0.05) followed by post-hoc Student's t tests.
We characterized macroinvertebrate communities using the following metrics: density (number of individuals per m 2 , log transformed), richness (number of taxa) and evenness (H'/lnS, where H' = Shannon's diversity index and S= taxon richness). The spatial and seasonal variation of these metrics was explored with two-way ANOVA (level of significance a = 0.05) followed by posthoc Student's t tests. Factors were site (1-6) and season (dry/wet). The maximum number of taxa at each site was estimated using jackknife estimates in PCORD (McCune and Mefford, 2006) .
Variation in taxonomic composition was explored with non-metric multidimensional scaling (NMS) in PC-ORD using the Sorensen (Bray-Curtis) similarity measure. Rare taxa (< 25 individuals in total) were excluded. The NMS was followed by multi-response permutation procedures (MRPP) to test the hypotheses of no differences in taxonomic composition among sites, between seasons and with the interaction site r season. The NMS axes were related to the abundance of each taxon and to biotic and abiotic metrics, including the PCA axis scores, using simple correlations.
Results
The first three PCA axes summarizing abiotic variation explained the 30%, 15% and 10% of the variance, respectively (eigenvalues: 5.36, 2.67 and 1.88, respectively). Axis 1 was mostly loaded on altitude, canopy, stream width, alkalinity and dissolved solids; axis 2, on water depth, current velocity, pH, BOD, chlorides, nitrates and phosphates; and axis 3, on turbidity. The three axes varied significantly with site and season, and the interaction was significant in all cases (Table 4) . Axis 1 differed between Site 1 and the others, and between Site 6 and the others, being similar among Sites 2-5; within sites, Axis 1 differed between the dry and wet seasons only for Site 6. Axis 2 separated Sites 1 and 5 from Sites 2-4 and Site 6 from Sites 2-3; within sites, Axis 2 differed between seasons for Sites 3-6. Axis 3 separated Sites 1-4 from Sites 5-6; within sites, Axis 3 differed between seasons for Sites 4 and 6.
We collected a total of 25 879 individuals belonging to 121 taxa from 17 orders. Communities were dominated by insects (91.7%) and mollusks (6.87%). The most common orders were Diptera (mainly Chironomidae), Ephemeroptera (mainly Leptohyphidae, Leptophlebiidae, and Caenidae), Mollusca (both Gastropoda and Bivalvia), Trichoptera (mainly Hydropsychidae, Glossosomatidae and Calamoceratidae), Coleoptera (mainly Elmidae) and Odonata (mainly Coenagrionidae and Libellulidae) (online Appendix I, available at www.limnology-journal. org/).
Macroinvertebrate densities were lowest at Site 1 (mean of 80 individuals per m 2 ), followed by Site 6 (163), but did not differ significantly among the other four sites (206-301 individuals per m 2 ). Density was higher in the dry season (mean of 328 individuals per m 2 ) than in the wet season (103) and the interaction site r season was nearly significant, differences among sites being more pronounced in the dry season (Table 5 , Fig. 2 ). Macroinvertebrate richness (number of taxa per sample) was lowest at Site 1 (mean of 6 taxa per sample) followed by Site 6 (9), and similar at the other four sites (10-12 taxa per sample) (Table 5, Fig. 2 ). However, jackknife estimates indicated higher cumulative taxonomic richness at Sites 1 and 5 (Table 6 ). Richness was higher in the dry season (mean of 12.3 taxa per sample) than in the wet season (7.1) and the interaction site r season was significant, differences among sites being more pronounced in the dry season (Table 3 , Fig. 2) .
Evenness was generally high, but was significantly higher at Site 3 (mean of 0.86) than at Sites 1, 4 and 5 (mean of 0.73-0.78), and significantly lower at Site 5 (mean of 0.73) than at Sites 2, 3 and 6 (means of 0.80-0.86). Evenness did not vary between seasons, but the interaction siter season was significant: seasonal differences were significant only at Sites 1 (evenness higher in the dry season (mean of 0.84) than in the wet season (mean of 0.72)) and 4 (evenness higher in the wet season (mean of 0.85) than in the dry season (mean of 0.72)) (Table 5, Fig. 2 ).
The NMS (based on 48 taxa, see online Appendix I) was performed using two axes (stress: 0.13). Axis 1 (45% of variance) separated the dry from the wet season, while Axis 2 (44% of variance) separated Sites 1 and 6 from all the other sites (Fig. 3) . The MRPP showed a highly significant difference among sites (T= x 9.18, p< 0.0001), with Site 1 differing from all other sites (p< 0.001 in all cases), Site 6 also differing from all other sites (p< 0.050 in all cases), and Site 2 differing from Site 5 (p= 0.003). Differences between seasons and the interaction site r season were also highly significant (T=x13.27, p < 0.0001; and T= x10.77, p< 0.0001, respectively). NMS axes were determined by several taxa, indicated by correlations between their log abundance and the axis scores (Table 7 ). The abundances of various Ephemeroptera (5 taxa), Diptera (3), Coleoptera (3), Trichoptera (2) and Odonata (1) correlated with axis 1; and abundances of various Ephemeroptera (5), Diptera (4), Odonata (4), Trichoptera (3), Coleoptera (3) and Mollusca (2) correlated with axis 2 (Table 7) . Axis 1 was related to macroinvertebrate density and richness, and to various environmental variables, including PCA axis 2 and 3, and water depth, current velocity, turbidity and BOD. Axis 2 was also related to macroinvertebrate density and richness and to PCA axis 1 and multiple environmental variables: alkalinity, dissolved solids, altitude, phosphates, current velocity, stream width, conductivity, canopy cover, water depth and TOC (Table 8) .
Discussion Variation among sites
Our results suggested on-going effects of pollution on macroinvertebrate communities in our study stream. As predicted, headwater communities at the pristine Site 1 showed the lowest densities, and the highest taxonomic richness at the site scale (together with Site 5). The other sites, all outside the national park and located near human settlements, roads and agricultural areas, had higher densities and generally lower richness. This could be due to an effect of pollution and/or habitat modification at these impacted sites, as shown for temperate streams (e.g. Pascoal et al., 2001) . However, we must be cautious when interpreting differences between Site 1 and downstream sites, as these could also be at least partly due to a natural altitudinal gradient (Site 1 was located at more than 700 m asl while Sites 2-6 were between 100 and 200 m asl). Altitude was one of the abiotic variables most related to variation in macroinvertebrate densities and richness between Site 1 and the other sites. Stream width, which generally co-varies with altitude, was also related to this variation, as well as canopy cover, alkalinity, and dissolved solids. These variables may show some natural variation along an altitudinal gradient (particularly canopy cover) but are also frequently related to human activities (Allan, 2004) . Moreover, some other variables commonly associated to organic pollution (pH, BOD, chlorides, nitrates and phosphates) were strongly related to differences in taxonomic richness between Sites 1 and 5 and the other sites. Other studies have shown natural upstream-downstream gradients in macroinvertebrate communities, but these are usually correlated with changes in substrate particle size along the stream (Vannote et al., 1980) . found, in streams of the Australian wet tropics, a downstream decline in taxon richness, as well as a longitudinal gradient in macroinvertebrate community composition, both strongly related to substrate particle size. Their study streams were relatively short, with rapid changes in substrate over short distances as a product of high rainfall and steep ranges. In our case, however, there was no clear longitudinal gradient in substrate particle size, and thus natural gradients in taxon richness and community composition are less likely.
The taxonomic composition of communities differed at the pristine Site 1, and also at Site 6, and this variation was associated with altitude and related variables such as stream width and water depth, as well as several other variables likely to be related to human influence (canopy cover, dissolved solids, phospates, TOC). Several taxa were absent only at Site 1 (Austrolimnius, Bivalvia, Caenis, Erpetogomphus and Vacuperinus) or scarce at Sites 1 and 6 (Brechnomorga, Cerapogoninae, Macrelmis, Macrothemis, Nectopsyche, Neoelmis, Phylloicus), while other taxa were much more abundant at Sites 2-5 (Chironomini, Leptohyphes) or 2-6 (Tanypodinae, Tanytarsini, Tricorythodes). Many chironomid species are well known to be pollutiontolerant (Pearson and Penridge, 1987) . NMS axis 2 was associated mainly with the normal longitudinal turnover of species expected in streams , while NMS axis 1 was clearly associated with water quality parameters, including PCA axes 2 and 3. Thus, even though there was no strong evidence of a pollution fauna (Hynes, 1960) , we were able to discriminate between normal gradients and the subtle effects of human activity on the invertebrate assemblages.
Seasonal variation
As predicted, macroinvertebrate densities and taxonomic richness were higher in the dry season. Moreover, variation in densities and richness among sites was less obvious in the wet season, which could be due to the dilution effect caused by the increased discharge (Ramirez and Pringle, 2001) . Taxonomic composition also varied with season, mostly due to variation in several Diptera, Ephemeroptera, Coleoptera, Odonata and Trichoptera, all of them more abundant in the dry season. Taxonomic variation between seasons was related to water depth, current velocity, turbidity and BOD, factors clearly related to rainfall.
Conclusions
Our results suggest that human settlements and activities next to the Capira stream affect the structure and composition of macroinvertebrate assemblages, through changes in habitat characteristics and water chemistry. However, changes are not pronounced and no obvious "pollution fauna" (Hynes, 1960) was evident, unlike the more extreme conditions found in a Queensland tropical stream that received sugar mill wastes (Pearson and Penridge, 1987) . Other studies have also found humanrelated impacts on macroinvertebrate assemblage structure and composition in tropical streams, e.g. Matagi (1996) in Uganda, Ndaruga et al. (2004) in Kenya, Helson et al. (2006) in Trinidad or Yule et al. (2010) in Indonesia. However, information available from tropical streams is still relatively scarce, despite rates of habitat degradation and biodiversity loss being exceptionally high in the tropics. Understanding how tropical streams change in response to land use is a major priority for management and conservation of these ecosystems (Boyero et al., 2009) and, while major effects can be obvious (e.g., Pearson and Penridge, 1987) , more subtle effects need care in sampling design to remove effects of natural gradients . In this study, multivariate analysis showed that the invertebrate assemblages clearly distinguished a natural altitudinal gradient from increases in contaminants caused by human activity. 
